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We discuss the experimental prospects for observing processes which violate lepton number (ΔL) in four
units (or more). First, we reconsider neutrinoless quadruple beta decay, deriving a model independent and
very conservative lower limit on its half-life of the order of 1041 ys for 150Nd. This renders quadruple beta
decay unobservable for any feasible experiment. We then turn to a more general discussion of different
possible low-energy processes with values of ΔL ≥ 4. A simple operator analysis leads to rather
pessimistic conclusions about the observability at low-energy experiments in all cases we study. However,
the situation looks much brighter for accelerator experiments. For two example models with ΔL ¼ 4 and
another one with ΔL ¼ 5, we show how the LHC or a hypothetical future pp collider, such as the FCC,
could probe multilepton number violating operators at the TeV scale.
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I. INTRODUCTION

So far, no lepton (L) or baryon (B) number violating
process has been observed experimentally. However, there
are good reasons to believe that neither of these quantities are
actually conserved. In fact, even within the standard model
(SM), nonperturbative effects such as the sphaleron [1]
violate both B and L. More phenomenologically, also the
observed baryon asymmetry of the Universe points to the
existence of B violation at some point in its early history.
From the viewpoint of standard model effective theory,

one can build nonrenormalizable operators which violate B
and L [2,3]. The lowest dimensional operator of this kind,
the Weinberg operator, appears at dimension 5 (d ¼ 5) and
violates L by two units. This operator generates Majorana
neutrino mass terms which can be experimentally probed
by the observation of neutrinoless double beta decay, 0νββ:
ðA; ZÞ → ðA; Z $ 2Þ þ 2e∓ (for recent reviews see for
example [4,5]). Next, at d ¼ 6, one finds ΔB ¼ ΔL ¼ 1
operators. These operators cause proton decay in modes
such as the famous p → eþπ0. This and other two-body
nucleon decays are well known to arise in a variety of
models, most notably in grand unified theories—see [6,7]
and references contained therein.
The gauge structure of the SM and its field content is such

that ΔL ¼ 2nþ ΔB for all nonrenormalizable operators

(n being an integer). Thus, for example, evenΔL is associated
to evenΔB, so no proton decaymodewithΔL ¼ 2 can exist.
However, starting at d ¼ 9 one finds ΔL ¼ 3 operators,
associated to ΔB ¼ 1. Also, operators relevant for ΔB ¼ 2
processes, such as neutron-antineutron oscillations, appear
first at d ¼ 9. One would naively assume that the rates for
ΔL ≥ 3 (or also ΔB ≥ 2) processes are necessarily much
smaller than those corresponding to the lower dimensional
nonrenormalizable operators. However, this may not be the
case, and in fact it is possible thatΔB,ΔL ¼ 1 processes are
forbidden altogether. This is exactly what happens in the
standard model, since sphalerons are ΔB ¼ ΔL ¼ 3 tran-
sitions (thus, sphalerons cannot destroy protons).1

There is also the possibility that beyond the SM there
exists some (so far unknown) symmetry such that lepton
number and/or baryon number can only be created or
destroyed in larger multiples. For ΔL ¼ 3 this has been
recently discussed in [11]; see also [12]. In that case, for
example, standard proton decay modes are absent and one
is left with p → eþν̄ ν̄, π0eþν̄ ν̄, e−ννπþπþ and, more
interestingly, eþeþeþπ−π−. As noted above, these processes
are induced by d ¼ 9 or higher operators, which implies that
the proton decay rate is suppressed by many powers of the
new physics scale Λ. Consequently, one can have Λ ∼ TeV,
making it possible for colliders to probe this hypothesis [11].
In this paper, we discuss ΔL ¼ 4 processes (addressing

also the possibility of havingΔL ≥ 5), and analyze whether
any of these processes can possibly be observed in the
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1It is interesting to note that it has long been believed that
sphaleron transitions are unobservable experimentally. However,
some recent papers on sphaleron rates at accelerators have come
to much more optimistic conclusions [8–10].
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we can only have operators of the form Ψn½" " "# with n ≤ 4
(if there are no derivatives).9 Furthermore, if we expand
the Dirac indices of such an operator with n ¼ 4, the only
nonzero term must be proportional to Ψ↑

LΨ
↓
LΨ

↑
RΨ

↓
R. This

means that the Pauli exclusion principle severely restricts
local 0ν4β operators to the unique form

O0ν4β ¼
κP

14
i¼1 Λi

ē↑Lē
↓
Lē

↑
Rē

↓
R × ū ū ū ū dddd; ð9Þ

and higher dimensional 0νð2mÞβ decay operators, with
m > 2, are forbidden entirely unless they have derivatives.
Note that quarks have three colors; hence a similar issue
arises for operators with more than six quarks of the same
charge and chirality.
In this sense, quadruple beta decay (with or without

neutrinos) is a borderline case between allowed and
excluded local processes. An interesting consequence is
that there are only three 0ν4β operators of minimal
dimension (¼ 18),

Oð1ÞSM
0ν4β ∼ L̄ L̄ ececQ̄ Q̄ ucucd̄c d̄c d̄c d̄c; ð10Þ

Oð2ÞSM
0ν4β ∼ L̄ L̄ ececQ̄ucucucQd̄c d̄c d̄c; ð11Þ

Oð3ÞSM
0ν4β ∼ L̄ L̄ ececucucucucQQd̄c d̄c; ð12Þ

This should be contrasted with the 0ν2β decay operators of
dimension 9, of which there are six. On the other hand, the
diagram shown above with four W’s [Fig. 2] and the
equivalent one with 2W’s + 2WR’s have dimensions 24 and
20 respectively,

Oð4WÞ
0ν4β ∼ ∂2Q̄ Q̄ Q̄ Q̄QQQQL̄ L̄ L̄ L̄ H̄ H̄ H̄ H̄; ð13Þ

Oð2Wþ2WRÞ
0ν4β ∼ Q̄ Q̄ ucucQQd̄c d̄c L̄ L̄ ececH̄ H̄ : ð14Þ

III. OTHER LOW-ENERGY PROCESSES WITH
ΔL ≥ 4 INVOLVING CHARGED LEPTONS

We now move on to a brief discussion of other lepton
number violating processes, involving low energies, with
four or more charged leptons. Rough estimates for their
rates are given in the following. We stress that for an
experimental proof of L violation, final states should not
contain neutrinos.
In Table II we give the lowest dimension at which a given

ΔL ≠ 0 operator can appear, together with some examples.

(Note that, since we are interested here in low-energy
processes, neither Higgs nor gauge bosons can appear as
final states.) The table starts with the ΔL ¼ 1 operators
which induce the standard proton decay modes (hence
ΔB ¼ 1), and these are followed by the ΔL ¼ 2 operator
associated to neutrinoless double beta decay. With larger
ΔL, the dimension of the operators keeps rising and at
some point one expects that the rates of associated low-
energy processes becomes too small to be observed. We
now discuss briefly this point, by focusing on the most
promising processes.
It is important to distinguish those cases where baryon

number is violated from those scenarios where ΔB ¼ 0.
This is simply due to the fact that the available energy in
ΔB ≠ 0 processes is fixed by the nucleon mass, of the order
of ∼GeV, while kinetic energy of the charged leptons is
much smaller (∼MeV) in the ΔB ¼ 0 case.
Let us consider first the latter case,ΔB ¼ 0. This implies

immediately that ΔLmust be an even number. The relevant
processes are then 0νð2nÞβ with n > 2. We discuss only β−

decays, since for quadruple beta decays it has been shown
already in [15] that the positron emission or electron
capture processes are even more hopeless, due to their
smaller Q-values. For 0νð2nÞβ with n > 2 the same
observation applies.
The process 0ν6β is induced by an operator with

18 fermions; hence the decay width Γ is suppressed at
least by a factor Q17q29=Λ46 relative to the nucleon Fermi
momentum q ∼ 100 MeV. Moreover, we note that at most
four electrons can be at a single point x; therefore the
operators for these 0νð2nÞβ decays require at least two
derivatives, and consequently the decay width is suppressed
by four more powers of q=Λ, compared to the simple-
minded estimate quoted above. It is also straightforward to
check that at least six electrically charged bosons are
needed to mediate the process; hence, the same logic as
discussed for neutrinoless quadruple beta decay applies.
Finally, kinematically 0ν6β and larger is only allowed for

neutron-rich nuclides which are far from the valley of
stability; hence these isotopes have a very short half-life.
The longest-lived isotope seems to be 134

52 Te,which can decay
into 134

58 Ceþ 6e− with aQ value of 2.3 MeV, but also decays
by single beta emission with a half-life of 41.8 minutes [19].
For 0ν8β, considering only isotopes with an atomic mass
below 200, we have 131

50 Sn → 131
58 Ceþ 8e− (Q ¼ 2.4 MeV)

and 132
50 Sn → 132

58 Ceþ 8e− (Q ¼ 5.9 MeV) with half-lives
T1=2ð13150 SnÞ ¼ 56 s and T1=2ð13150 SnÞ ¼ 39.7 s. Thus, no
realistic candidate for a 0νð2nÞβ experiment with n > 2
exists in nature.
Let us now turn to processes where baryons are

destroyed and hence, the available energy is much larger.
Here, we consider the cases ðΔL;ΔBÞ ¼ ð4;(2Þ and
ðΔL;ΔBÞ ¼ ð5;(1Þ; violation of lepton or baryon number
in greater quantities is associated with even bigger mini-
mum lifetimes.

9If only one chirality X ¼ R, L is involved, then Ψn
X½" " "# with

n ≤ 2 are the only possibilities. For example, an electron-neutrino
mass term νe;Lνe;L is allowed, but interactions of the form
νe;Lνe;Lνe;L½" " "# or νe;Lνe;Lνe;Lνe;L are not.
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Paper from last year, a 
theoretical and 
phenomenological study 
of quadruple beta decay  

Discussion of other 
processes being “even 
more hopeless” to 
observe than 
quadruple beta decay 



An extrapolation 
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Outline of this talk 
•  A couple of slides about double beta decay 
– not a large focus, given 4 is better than 2… 

•  Lepton number violation, implication for 
Dirac & Majorana neutrinos 

•  Quadruple beta decay phenomenology 
•  First ever search for quadruple beta decay 
– NEMO-3 experiment, analysis & result 

•  Future prospects & complementary searches 
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Neutrinoless double beta decay 
•  Already a relatively well known process 

•  So I will not discuss in a lot of detail 
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1 in 6 of the Seminars in the last two years 



Most experiments are “homogenous” with their 
isotope embedded in their calorimetric detector, 
and only measure the decay energy 
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apologies if your favourite experiment isn’t mentioned 

Homogeneous experiments 

General technique: measure 
decay energy spectrum, search 
for bump at endpoint 

Standard 
model 



Heterogenous experiments 
•  NEMO-3 in contrast uses a tracker-calorimeter 

setup, with detector-independent isotope foils 
– Can detect the two electrons individually 
– Measure the kinematics of electrons to study 

underlying mechanism 
– Pay with poorer energy resolution & energy losses 
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Why theorists love double beta decay 
•  Many new physics processes can contribute to 

neutrinoless double beta decay 
–  All processes imply that neutrinos are Majorana and 

lepton number is violated 
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Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηWW+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗νηeηW = η∗uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2uη
∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no
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Examples including 
Supersymmetry, 
doubly-charged 
scalars, heavy neutral 
leptons, … Majorana models also good for explaining leptogenesis 

& seesaw mechansim neutrino mass generation 



Schechter, Valle (Phys Rev D 25,2951; 1982) state that: 
•  If neutrinos are Majorana fermions, then neutrinoless 

double beta decay must occur and lepton number is 
violated 
Likewise, 

•  If neutrinoless double beta decay occurs, it can slot into 
the black box, and neutrinos must be Majorana fermions 

•  Does this apply if lepton number is generally violated …? 

Black box theorem 
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Figure 1: Contribution of the Black Box operator to the Majorana neutrino mass [9].

Then, it is possible to draw the diagram in Fig. 1, so that neutrinoless double beta decay
induces a non-zero effective Majorana mass for the electron neutrino, no matter which is the
underlying mechanism of the decay. The Black Box is nothing but an effective operator for
neutrinoless double beta decay which arises from some underlying New Physics. The first
assumption is necessary to ensure that two identical neutrinos are created. This can be seen
in the following way [10]: We do not know anything about the chirality of the electrons and
quarks produced by neutrinoless double beta decay. However, this assumption guarantees
that we can make the particles running in the loops in Fig. 1 left-handed, by mass insertion
if necessary. Thus the standard left-handed interaction from the second assumption produces
the same type of neutrino at both vertices. Otherwise it would be possible that a neutrino
and an antineutrino are created, which would give a Dirac mass term.

Note, however, that the diagram in Fig. 1 is certainly not the only one that generates a
non-zero effective Majorana mass for the electron neutrino. Other tree and loop diagrams
exist and in addition the physical neutrino masses depend also on Dirac mass terms. Further-
more, there may even be cancellations between different Majorana contributions which are
induced by the Black Box diagram(s). This may appear as a fine-tuning, but the observed
fermion mass patterns suggest that symmetries which explain these patterns may exist, and
such symmetries could also lead to non-trivial cancellations. Taking into account this possi-
bility of cancellations, Takasugi [10] and Nieves [11] improved the argument of Schechter and
Valle [9], and showed that there cannot be a continuous or discrete symmetry protecting a
vanishing Majorana mass to all orders in perturbation theory. We will follow the arguments
of Takasugi [10] here. He assumed an unbroken discrete symmetry protecting the Majorana
neutrino mass (the η’s are global phase factors):

νeL → ηννeL, eL → ηeeL, qL → ηqqL (q = u, d), W+µ
L → ηWW+µ

L . (1)

To forbid the Majorana mass term, we need to have

η2ν ̸= 1 , (2)

and the invariance of the left-handed interaction requires

η∗νηeηW = η∗uηdηW = 1 . (3)

However, the existence of 0νββ (that is, the process dL + dL → uL + uL + eL + eL) implies

η2uη
∗2
d η

2
e = 1 . (4)

It is easy to see that Eqs. (2), (3), and (4) cannot be solved simultaneously. Thus, if
the Majorana mass term is forbidden by an unbroken discrete symmetry, there will be no

2

black box 



Lepton number violation 
•  “If lepton number is violated, then neutrinos 

have to be Majorana fermions” 
– By the black box theorem 

•  If neutrinos are Dirac fermions, can lepton 
number be violated? 
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Lepton number violation 
•  “If lepton number is violated, then neutrinos 

have to be Majorana fermions” 
– By the black box theorem 
– not necessarily true… 

•  If neutrinos are Dirac fermions, can lepton 
number be violated? 

– YES! 
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Lepton number violation 
•  “If lepton number is violated, then neutrinos 

have to be Majorana fermions”  
– By the black box theorem 
– not necessarily true… only if by 1 or 2 units 

•  If neutrinos are Dirac fermions, can lepton 
number be violated? 

– YES! 
– Has to be by ≥3 units 

19 September 2019 Pawel Guzowski  -  Fermilab NPC Seminar 12 



Leptogenesis with Dirac LNV 
•  Leptogenesis is the phenomenon whereby the 

baryonic matter-antimatter asymmetry of the 
universe is generated from a lepton number 
asymmetry 
–  J Turner seminar – 18 Oct 2018 
–  “Most theories of leptogenesis assume neutrinos are 

Majorana (of course there are exceptions)” 
•  One particular exception involving LNV Dirac 

neutrinos – J Heeck, Phys Rev D 88, 076004 (2013) 
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matrix Mαβ = yαβ |⟨H⟩| = Udiag(mν
1 ,m

ν
2 ,m

ν
3)V

†
R. The

smallness of neutrino masses is, in this simple model, a
result of very small couplings, |yαβ | ! 10−11. The sym-
metric Yukawa coupling matrix καβ = κβα is nondiago-
nal and complex in general, which is important for our
leptogenesis application in the next section. The scalar
potential takes the form

V (H,φ,χ) ≡
∑

X=H,φ,χ

(

µ2
X |X |2 + λX |X |4

)

+
∑

X,Y =H,φ,χ
X ̸=Y

λXY

2
|X |2|Y |2 − µ

(

φχ2 + h.c.
)

,
(2)

with symmetric couplings λXY = λY X . Choosing the
structure µ2

H , µ2
φ < 0 < µ2

χ, one can easily realize a poten-
tial with minimum ⟨χ⟩ = 0, ⟨H⟩ ̸= 0 ̸= ⟨φ⟩, which breaks
SU(2)L × U(1)Y × U(1)B−L to U(1)EM × ZL

4 . An exact
ZL
4 symmetry remains, under which leptons transform as

ℓ → −i ℓ and χ → −χ, making the neutrinos Dirac par-
ticles but still allowing for ∆L = 4 LNV processes.2 The
crucial µ term in the potential will induce a mass split-
ting between the real scalars Ξj in χ = (Ξ1 + iΞ2)/

√
2:

m2
1 = m2

c − 2µ⟨φ⟩ , m2
2 = m2

c + 2µ⟨φ⟩ , (3)

wheremc is a common mass term that is of no importance
here. Since the Ξj can decay in either νRνR or νcRν

c
R, lep-

ton number is clearly violated, even though our model has
Dirac neutrinos. The scalars also induce a ∆L = 4 scat-
tering νRνR → νcRν

c
R and potentially mediate neutrino-

less quadruple beta decay (A,Z) → (A,Z+4)+4 e− [14].
Let us note that the ZL

4 symmetry left over after break-
ing B−L could also be used as the stabilizing symmetry
behind dark matter. For example, an even B −L charge
for a newly introduced Dirac fermion would make it ex-
actly stable, because all other fermions in the SM+νR
carry odd B − L charge.

III. DIRAC LEPTOGENESIS

As seen above, neutrinos are Dirac particles in our
model, yet B − L is broken, which makes possible a real
Dirac leptogenesis, where a lepton asymmetry is created
by the CP -violating ∆(B − L) = 4 decay of some heavy
particle. In order for this to work, the decay has to take
place after B − L breaking and before the electroweak
phase transition (EWPT), so that sphalerons can convert
the lepton asymmetry to the baryons (assuming ∆B = 0
as induced in our model).
For a simple realization, we use the framework of the

previous section and add second copies of both χ and H ,

2 Conservation of lepton number modulo n > 2 as a means to
forbid Majorana neutrino masses was also mentioned in Ref [16].

+Ξi

νR,α

νR,β

Ξj

ν
c
R,δ

ν
c
R,γ

Ξj

ν
c
R,δ

ν
c
R,γ

Figure 1: CP -violating vertex and self-energy loop corrections
to the LNV decay Ξi → νR,ανR,β relevant for leptogenesis.

both χj without VEVs. Below the B−L breaking scale,
χ1 and χ2 now split into four real scalars Ξj , with decay
channels νR,ανR,β and νcR,αν

c
R,β . χ2 is necessary to ob-

tain CP violation in these decays (depicted in Fig. 1), as
we will see below. The out-of-equilibrium decay of the
lightest Ξj then has all the necessary qualitative features
to create an asymmetry ∆νR in the right-handed neutri-
nos. This in itself would not suffice for baryogenesis, as
the sphalerons do not see the right-handed ∆νR , and the
Higgs Yukawa couplings y ∼ mν/⟨H1⟩ from Eq. (1) are
too small to efficiently convert ∆νR to the left-handed
lepton doublets. This is where the second Higgs dou-
blet H2 comes in, as it can have large enough Yukawa
couplings wαβLαH2νR,β to thermalize νR and transfer
∆νR → ∆L. From there, sphalerons take over to convert
∆L to the baryons ∆B in the usual leptogenesis fashion
(see e.g. Ref. [4] for a review).
The second Higgs doublet H2 will be chosen to be neu-

trinophilic, i.e. with a small VEV [11]. While this is not
strictly necessary for our version of Dirac leptogenesis—
for example, a VEV-less H2 with large Yukawas would
work as well, the neutrinos gaining mass via H1—it is
the most interesting two-Higgs-doublet model [17] for our
purposes, as it additionally sheds light on the small neu-
trino masses. To this effect, let us mention briefly how
the neutrinophilic nature ofH2 can be realized in our con-
text. Following Ref. [10], we impose an additional global
Z2 symmetry (or a U(1) as in Ref. [11]) under which
only H2 and νR are charged, forbidding all H2 Yukawa
couplings except wαβLαH2νR,β. The new symmetry is

broken softly by a term µ2
12H

†
1H2 in the scalar potential.

A small µ2
12 is technically natural and will induce a small

VEV for H2, ⟨H2⟩/⟨H1⟩ = µ2
12/M

2
H2

, which gives natu-
rally small Dirac neutrino masses Mαβ = wαβ |⟨H2⟩|. We
stress that our additional B − L symmetry and scalars,
compared to Refs. [10, 11], in no way complicate or in-
terfere with this realization of a neutrinophilic H2, so we
will not go into any more details.
After these qualitative statements, let us delve into

a more quantitative analysis of our leptogenesis mecha-
nism. The scalar potential for φ, H1,2 and χ1,2 is more
involved than before (Eq. (2)), but the only qualitatively
new terms are

V (φ, H1,2,χ1,2) ⊃ m2
12 χ1χ2 + µ12 φχ1χ2 + h.c., (4)

as they lead to a mixing of the four real fields Ξj con-
tained in χ1,2 after breaking B−L. The 4×4 mass matrix



Mass generation with Dirac LNV 
•  Dirac neutrino masses can be generated at the loop level – 

“radiative corrections” 
–  see arXiv:1505.01738 for a review 

•  Usually introduce new scalar fields, at least one with a vacuum 
expectation value <S> 
–  If <S> carries a lepton number, LNV with dirac neutrinos is possible 

•  These m0dels usually produce dark matter candidates as well 
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III. NEUTRINO MASSES

Neutrino tree level mass is forbidden by U(1)B�L symmetry. This is the S symmetry

from Ref. [25] and the neutrino mass is generated via first scenario of one-loop radiative

case from Ref. [25]. Neutrino masses are obtained via a diagram shown in Fig. 1. Neutrinos

transform as w⇤ under residual Z4 symmetry, therefore Z4 guarantees the Dirac nature of

neutrinos in our model. Interesting feature of this model is that Dirac neutrino masses are

generated through the Majorana dark sector N1,2 fermions which transform as w2 under

Z4 symmetry and are allowed to have Majorana masses. Other interesting property is that

the Z4 residual symmetry which originated from gauged U(1)(B�L) symmetry is responsible

both for Diracness of the neutrinos as well as for the stability of dark matter in our model.

It is actually the Z4 plus the Lorentz symmetry that stabilizes the dark matter. Neutrino

hS4i

hHi

⌫L NR NL
⌫R

⌘ �

FIG. 1: Dirac radiative neutrino mass with Z4 as scotogenic symmetry.

7

arXiv:1903.12558 

Seesaw mechanism,  
 
mν ∝1/MN 
 
but with Dirac neturinos 



Why theorists should love Dirac LNV 

•  Dirac LNV models can be used to explain 
– Leptogenesis          ✔ 
– Neutrino mass generation      ✔ 
– Dirac/Majorana nature of neutrino   ✔ 

•  In conjunction with non-observation of neutrinoless 
double beta decay 

•  How do you search for these models? 
– Neutrinoless n-tuple beta decays  (n>2) 
– Colliders production of intermediate states 
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Neutrinoless triple beta decay 
•  Minimal Dirac-LNV scheme, with ΔL=3 
•  However, it is forbidden by Lorentz symmetry 

•  Could include Baryon number violation as well, 
but then no longer “beta decay” 
– ΔB=1 strongly constrained by nucleon decay searches 
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ΔL=3 
ν 
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ν 

bosonic 
state 

fermionic 
state 



Neutrinoless quadruple beta decay 
•  Minimal Dirac-LNV scheme allowed by all 

symmetries: ΔL=4 
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of concrete 
models on 
next slide 
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Some specific models 
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FIG. 9: Diagram contribution to neutrino quadruple beta decay. Blob vertex is given
explicitly in Fig. 10
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νcR νR

νcR νR

χ χ

⟨φ⟩

⟨φ⟩
χ

χ

2

matrix Mαβ = yαβ |⟨H⟩| = Udiag(mν
1 ,m

ν
2 ,m

ν
3)V

†
R. The

smallness of neutrino masses is, in this simple model, a
result of very small couplings, |yαβ | ! 10−11. The sym-
metric Yukawa coupling matrix καβ = κβα is nondiago-
nal and complex in general, which is important for our
leptogenesis application in the next section. The scalar
potential takes the form

V (H,φ,χ) ≡
∑

X=H,φ,χ

(

µ2
X |X |2 + λX |X |4

)

+
∑

X,Y =H,φ,χ
X ̸=Y

λXY

2
|X |2|Y |2 − µ

(

φχ2 + h.c.
)

,
(2)

with symmetric couplings λXY = λY X . Choosing the
structure µ2

H , µ2
φ < 0 < µ2

χ, one can easily realize a poten-
tial with minimum ⟨χ⟩ = 0, ⟨H⟩ ̸= 0 ̸= ⟨φ⟩, which breaks
SU(2)L × U(1)Y × U(1)B−L to U(1)EM × ZL

4 . An exact
ZL
4 symmetry remains, under which leptons transform as

ℓ → −i ℓ and χ → −χ, making the neutrinos Dirac par-
ticles but still allowing for ∆L = 4 LNV processes.2 The
crucial µ term in the potential will induce a mass split-
ting between the real scalars Ξj in χ = (Ξ1 + iΞ2)/

√
2:

m2
1 = m2

c − 2µ⟨φ⟩ , m2
2 = m2

c + 2µ⟨φ⟩ , (3)

wheremc is a common mass term that is of no importance
here. Since the Ξj can decay in either νRνR or νcRν

c
R, lep-

ton number is clearly violated, even though our model has
Dirac neutrinos. The scalars also induce a ∆L = 4 scat-
tering νRνR → νcRν

c
R and potentially mediate neutrino-

less quadruple beta decay (A,Z) → (A,Z+4)+4 e− [14].
Let us note that the ZL

4 symmetry left over after break-
ing B−L could also be used as the stabilizing symmetry
behind dark matter. For example, an even B −L charge
for a newly introduced Dirac fermion would make it ex-
actly stable, because all other fermions in the SM+νR
carry odd B − L charge.

III. DIRAC LEPTOGENESIS

As seen above, neutrinos are Dirac particles in our
model, yet B − L is broken, which makes possible a real
Dirac leptogenesis, where a lepton asymmetry is created
by the CP -violating ∆(B − L) = 4 decay of some heavy
particle. In order for this to work, the decay has to take
place after B − L breaking and before the electroweak
phase transition (EWPT), so that sphalerons can convert
the lepton asymmetry to the baryons (assuming ∆B = 0
as induced in our model).
For a simple realization, we use the framework of the

previous section and add second copies of both χ and H ,

2 Conservation of lepton number modulo n > 2 as a means to
forbid Majorana neutrino masses was also mentioned in Ref [16].

+Ξi

νR,α

νR,β

Ξj

ν
c
R,δ

ν
c
R,γ

Ξj

ν
c
R,δ

ν
c
R,γ

Figure 1: CP -violating vertex and self-energy loop corrections
to the LNV decay Ξi → νR,ανR,β relevant for leptogenesis.

both χj without VEVs. Below the B−L breaking scale,
χ1 and χ2 now split into four real scalars Ξj , with decay
channels νR,ανR,β and νcR,αν

c
R,β . χ2 is necessary to ob-

tain CP violation in these decays (depicted in Fig. 1), as
we will see below. The out-of-equilibrium decay of the
lightest Ξj then has all the necessary qualitative features
to create an asymmetry ∆νR in the right-handed neutri-
nos. This in itself would not suffice for baryogenesis, as
the sphalerons do not see the right-handed ∆νR , and the
Higgs Yukawa couplings y ∼ mν/⟨H1⟩ from Eq. (1) are
too small to efficiently convert ∆νR to the left-handed
lepton doublets. This is where the second Higgs dou-
blet H2 comes in, as it can have large enough Yukawa
couplings wαβLαH2νR,β to thermalize νR and transfer
∆νR → ∆L. From there, sphalerons take over to convert
∆L to the baryons ∆B in the usual leptogenesis fashion
(see e.g. Ref. [4] for a review).
The second Higgs doublet H2 will be chosen to be neu-

trinophilic, i.e. with a small VEV [11]. While this is not
strictly necessary for our version of Dirac leptogenesis—
for example, a VEV-less H2 with large Yukawas would
work as well, the neutrinos gaining mass via H1—it is
the most interesting two-Higgs-doublet model [17] for our
purposes, as it additionally sheds light on the small neu-
trino masses. To this effect, let us mention briefly how
the neutrinophilic nature ofH2 can be realized in our con-
text. Following Ref. [10], we impose an additional global
Z2 symmetry (or a U(1) as in Ref. [11]) under which
only H2 and νR are charged, forbidding all H2 Yukawa
couplings except wαβLαH2νR,β. The new symmetry is

broken softly by a term µ2
12H

†
1H2 in the scalar potential.

A small µ2
12 is technically natural and will induce a small

VEV for H2, ⟨H2⟩/⟨H1⟩ = µ2
12/M

2
H2

, which gives natu-
rally small Dirac neutrino masses Mαβ = wαβ |⟨H2⟩|. We
stress that our additional B − L symmetry and scalars,
compared to Refs. [10, 11], in no way complicate or in-
terfere with this realization of a neutrinophilic H2, so we
will not go into any more details.
After these qualitative statements, let us delve into

a more quantitative analysis of our leptogenesis mecha-
nism. The scalar potential for φ, H1,2 and χ1,2 is more
involved than before (Eq. (2)), but the only qualitatively
new terms are

V (φ, H1,2,χ1,2) ⊃ m2
12 χ1χ2 + µ12 φχ1χ2 + h.c., (4)

as they lead to a mixing of the four real fields Ξj con-
tained in χ1,2 after breaking B−L. The 4×4 mass matrix

“radiative Dirac mass” model “leptogenesis” model 

leptogenesis mechanism 

Sχχ coupling only 
constrained by 
unitarity conditions; 
could lead to 1016-19 
enhancements 

This model requires 
helicity-flip, 
suppressed by (mν)4 

T1/2 estimate ~ 1060 years 

Dasgupta, Kang, Popov 
arXiv:1903.12558 

Heeck, Rodejohann 
arXiv:1306.0580 



Phenomenology 
•  So, models of neutrinoless quadruple beta 

decay exist 
– One particular encouraging model, linked to 

radiative Dirac neutrino mass generation, 
estimates an enhanced half-life even as low as 
~1022 years 

 
•  How should we search for neutrinoless 

quadruple beta decay? 
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What makes a good 4β isotope? 
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Isotope Q2β (MeV) 
48Ca 4.27 
76Ge 2.04 
82Se 3.00 
96Zr 3.35 
100Mo 3.03 
110Pd 2.02 
116Cd 2.81 
124Sn 2.29 
130Te 2.53 
136Xe 2.46 
150Nd 3.37 

forbidden 

Z      Z+1    Z+2 

Q2β M
as

s 

2β decay 

arXiv:1306.0580 



What makes a good 4β isotope? 
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Isotope Q2β (MeV) Q4β (MeV) 
48Ca 4.27 × 
76Ge 2.04 × 
82Se 3.00 × 
96Zr 3.35 0.63 
100Mo 3.03 × 
110Pd 2.02 × 
116Cd 2.81 × 
124Sn 2.29 × 
130Te 2.53 × 
136Xe 2.46 0.04 
150Nd 3.37 2.08 

Z      Z+1    Z+2    Z+3   Z+4 
M

as
s 

All 4β candidate isotopes 
are also 2β isotopes, but 
with lower Q-values 

Q4β 4β decay 

(× = daughter isotope more massive) 

arXiv:1306.0580 



Expected energy spectrum 
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For a calorimetric experiment, 
0v4β peak lies right in the 
middle of an irreducible 2ν2β 
background 

arXiv:1306.0580 
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Expected energy spectrum 
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2ν2β 

0ν2β 

Energy 

D
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0v4β 

For a calorimetric experiment, 
0v4β peak lies right in the 
middle of an irreducible 2ν2β 
background 

However: 
Two electrons released 
 
Four electrons released 

Need to have an 
experiment that can 
count electrons 

arXiv:1306.0580 



Designing an ideal experiment 
•  An ideal experiment would need to use 96Zr or 150Nd 

as the isotope of study 
–  136Xe has a tiny Q-value (decay rate ∝ Q11) 

•  Would need to be able to count the number of 
electrons released in the decay 
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Designing an ideal experiment 
•  An ideal experiment would need to use 96Zr or 150Nd 

as the isotope of study 
–  136Xe has a tiny Q-value (decay rate ∝ Q11) 

•  Would need to be able to count the number of 
electrons released in the decay 

•  Fortunately: 
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Heterogenous experiments 
•  NEMO-3 in contrast uses a tracker-calorimeter 

setup, with detector-independent isotope foils 
– Can detect the two electrons individually 
– Measure the kinematics of electrons to study 

underlying mechanism 
– Pay with poorer energy resolution & energy losses 
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NEMO-3 experiment 
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•  12 countries, 27 
institutions 

•  Experiment was 
located in 
Laboratoire 
Souterrain de 
Modane  

•  Data taking from 
Feb 2003 – Jan 
2011 

FRANCE ITALIE

Altitudes
Distances

1228 m 1298 m1263 m
0 m 6210 m 12 868  m

LSM 
4800 mwe 

reminder: 0ν4β wasn’t proposed until 2013 



NEMO-3 detector 
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•  Source 
–  10kg in total, 20m2 area foils 
–   7kg 100Mo, 1kg 82Se 
–  116Cd, 150Nd, 48Ca, 96Zr, 130Te 
–  35 grams of 150Nd 

•  Tracker 
–  Drift wire chamber in Geiger 

mode 
–  9 layers/side, 6180 cells 
–  25G magnetic field 

•  Calorimetry 
–  1940 plastic scintillator 

blocks 
–  3”, 5” low-radioactivity PMTs 

3 
m

 

4 m 

B field 

Neodymium 

(top view) 

Molybdenum 

Selenium 

Cadmium 



Detection principle 
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•  Calorimeters provide 
E, t measurements 

•  Tracker used vertexing, 
charge ID, angles 

•  PID: e-, γ, e+, α 

•  Knowledge of full event 
topology allows 
disentangling double-
beta decay mechanisms 

•  All backgrounds 
determined 
experimentally in situ 
by exploiting 
topologies 
–  (1 track, 1 track + 

N gammas, etc) 

Decay vertex 

Charged particle 
trajectory 

Individual particle 
energy and TOF 



0ν4β event topologies 
•  Three event topologies were chosen to be 

studied 
–  Only 150Nd was used in this analysis 

•  96Zr has too low a Q-value for efficient detection 
of the electrons 

–  4e (the golden channel): 4 visible electrons 
with an energy measurement 

–  3e1t: One of the four tracks doesn’t have an 
associated energy measurement 

–  3e: only three visible electrons, all with an 
energy measurement 
•  For signal events, one of the electrons has been 

absorbed in the source foil 
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Event selection 
•  Quality cuts applied to the 

events; relatively loose cuts 
to maximise efficiency 
–  Minimum 150keV electron 

energy measurement 
–  Timing of calorimeter hits 

consistent with decay 
originating in foil 

–  Vertex distance cuts on the 
four tracks 

–  No unassociated calorimeter 
hits 
•  removal of gamma decays 

–  No delayed tracks 
•  removal of alpha decays 
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Topology Efficiency 
4e 0.2 % 
3e1t 0.9 % 
3e 3.6 % 

Efficiencies (including 
topological acceptance) 
 
Although the 3e channel 
isn’t “golden”, it has the 
highest efficiency, due to 
absorption of the low-
energy electrons in the foil 



Backgrounds 
•  Backgrounds in common 

with the double-beta 
analyses 
–  Internal contamination of 

the source foil 
–  External contamination 

(radioactivity of detector 
components) inducing 
signal-like events 

•  All these background 
activities measured in-situ 
during the dedicated 150Nd 
2ν2β measurement 
–  Phys Rev D 94, 072003 

(2016) 
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Møller scattering 
•  A major background to this analysis is Møller scattering of 2ν2β electrons 

–  Irreducible contamination (all 4β isotopes are also 2β emitters) 
–  Reducible by having lower density foil 

•  Beta electrons travelling through the source foil can kick out another 
electron in the bulk of the material 

•  Any future experiments would benefit from thinner/less dense foil 
–  Would also improve energy & electron losses 

•  We can check the background modelling using sidebands… 
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Original β electron 

Møller scattered electron 

Original β electron 

Møller scattered electron 
foil 



Sidebands: 4β-inert isotopes 
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Golden channel sideband 

•  2.3 events expected 
•  2 observed 

•  Sideband cross-checks gives us 
confidence that the backgrounds are 
under control 
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Results of the search on 150Nd 
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•  Zero events observed in 4e, 3e1t 
topologies 

•  No significant excess of data 
observed in 3e channel 

•  4 different kinematic models of 0ν4β 
tested 
–  Different efficiencies depending on how 

the energy is shared between electrons 
–  Result is largely model independent 

Nobs=22 
Nexp=16.8 

Nexp=0.04 

Nexp=0.29 

4e 3e 

3e1t 

(Nexp, Nobs in 
[1.2,2.0] MeV 
window) 

Q-value 2.08 
MeV 
Peaks spread 
& shifted 
down due to 
resolution & 
energy losses 



Systematic uncertainties 
•  Uncertainties on background activities described in Phys 

Rev D 94, 072003 (2016) 
–  ~40% uncertainty on reducible backgrounds (internal & 

external contamination) 
–  5.5% uncertainty on 2ν2β background 

•  Uncertainties on signal:- reconstruction efficiency, model 
kinematics   
–  Kinematics affect 4e golden channel more, due to electron loss 

in the foil 

•  However, result is statistics-dominated, systematics make 
only a tiny impact 
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First ever limit on 0ν4β 

•  Limit is set with a combination of all three topologies studied 
•  Sensitivity is mostly driven by the 3e topology, due to the ~10× 

higher efficiency 
•  Four different kinematic models tested 

–  affecting how the energy is shared between the four electrons 
–  Main dependence due to different efficiencies 

•  Published in PRL as an editor’s suggestion:  
–  Phys Rev Lett 119 4,041801 (2017) 

•  First ever limit, and still the best even after two more experiments 
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T1/2 > (1.1 – 3.2)×1021 years  

Different kinematic 
models of electron 
energy sharing 



Setting limits on models 
Earlier this year, the NEMO-3 
result was used to constrain 
New Physics for the first time, 
in a radiative mass model 
•  Dasgupta, Kang, Popov, 

arXiv:1903.12558 
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Future prospects 
•  SuperNEMO, successor to NEMO-3, is being 

commissioned now 
•  Initially it will not use only 82Se, not a 0ν4β 

isotope 
•  However, O(kg) of Nd has been acquired by 

the collaboration 
– R&D underway enrichment and foil production 

•  Other experimental techniques can also be 
used… 
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Two other search strategies 
•  Search for decays to 

excited states 
–  γs of specific energies 
–  Kidd, Tornow, Phys Rev 

C98 5,055501 (2018) 
•  T1/2 > 2×1020 years 

–  Barabash, Hubert, 
Nachav, Umatov, arXiv:
1906.07180 
•  T1/2 > 8×1020 years 

•  Search for daughter 
isotope 
–  Preliminary studies for 

96Zr isotope – Mayer et al, 
Phys Rev C98 2, 024617 
(2018) 

–  1023 year half-life 
sensitivity expected 
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•  Lorentz violating 
decay 

•  Search for β+ decay 
of daughter isotope 
– Also excited state γs 

•  Barabash, Hubert, 
Nachav, Umatov, 
arXiv:1906.07180 
– T1/2 > 4.8×1020 y 
– Coincidence of 190.4 

& 222.2 keV gammas 

Searching for triple beta decay 
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Collider searches 
•  Colliders have some chance of creating the 

high-mass intermediate particles involved in 
ΔL=4 processes 
– Usual signature is production of four same-sign 

charged leptons 
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Figure 5. Left: Feynman diagrams for pair production of N through the � resonance that leads
to two same-sign leptons and a �L = 0, 2 signal. Right: Pair-production of � via an exotic Higgs
decay with four leptons in final states with �L = 0, 2, 4.

boson fusion of WR.4 The production cross-section for an on-shell WR and � is
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2 and ⌧min = (m2
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WR
)/s, the sum over all

(anti)quarks is taken with fq the usual partonic functions and µ2
F = m2

�+M2
WR

. As seen in
Fig. 4, the cross-section is . 0.5 fb, and is increasingly suppressed by parton distributions
at higher MWR . Even though this cross section is small, it is interesting that � strahlung
by WR gives rise to final states with �L = 2 when WR decays to jets, but also to �L = 4

when WR decays to `N , as in the KS process.
Finally, it is worth commenting that new vertices such as WLWR� appear in the

presence of LR gauge boson mixing. This gives rise to new channels of production such as
WR ! �WL. Because such mixing is small (. 10

�4) also such processes are negligible for
the present analysis. Only in the limit of vanishing Higgs mixing s✓ ! 0 they can start to
play a role, e.g. in the � decay.

5 Signals at the LHC

As discussed in the section above, the two most promising �-mediated processes to look
for N at the LHC, are the single gluon fusion and � pair production from h decay with
respective diagrams shown on Fig. 5. This section contains a study of efficiencies, relevant
backgrounds, signal characteristics and estimated sensitivities for the two cases of interest.

For the signal generation, an updated extension [51] of the FeynRules [52] implemen-
tation of the LRSM [53] was used. The events were then generated at LO using MadGraph
5 [54], hadronized with Pythia 6 [55]5 and passed to Delphes 3 [56] for detector simulation.

4These are also the production channels for �++
R , studied in [50], in which case an additional combina-

torial factor of two is present in the amplitude.
5Pythia 8 gives statistically the same result.
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Figure 7. Contours of estimated sensitivity (S/
p
S +B = 5) for the h ! �� ! 4N process in the

electron and muon channels. The plots from left to right refer to the signal regions R#`
�L described

in the text. The contours refer to different MWR , while
p
s = 13 TeV, s✓ = 0.1 and the luminosity

is 100 fb�1. The electron channel yields similar plots with a smaller sensitivity.

thus half of the 4N events will break L by two and 1/8 of them by four units. We concentrate
on these final states because of low backgrounds. Again, the �L = 0 is plagued by the SM
and might be re-considered in case large displacements may eliminate the backgrounds.

The types of signals in this channel can be separated into four non-overlapping regions
of interest called R#`

�L, which are defined by the required number of leptons #` and the
apparent violation of lepton number �L. The di-lepton channel R2

2 with �L = 2 is selected
as in the � ! NN case above. The same-sign trilepton signal R3

3 with apparent L violation
by three units �L ' 3 appears when one final state charged lepton goes missing, either
due to kinematical, geometrical or isolation cuts. Three same-sign leptons then come either
from the �L = 4 case where one same-sign lepton is missing or from the �L = 2 channel
where the opposite-sign lepton disappears. Finally, when four charge leptons are required,
they can combine into `±`±`±`⌥ with �L = 2, which is the R4

2 or `±`±`±`± with �L = 4,
the R4

4.
The R4

4 signal is conceptually most interesting since it would allow for observation
of the breaking of lepton number by four units. This puts the LHC in quite a unique
position since, to our knowledge, there is no competing low energy alternative. This is in
contrast to �L = 2 case, probed by the KS process, and where 0⌫2� experiments play a
complementary role [14, 15]. Even though the first search for the quadruple neutrino-less
beta decay has been performed only recently [68], the rate from the �

2h2 vertex and 4N

exchange is hopelessly small [69].

Efficiency, backgrounds and sensitivity. As in §5.1 above, the final state particles
are somewhat soft. We find that the di-muon trigger with pTµ2 > 10 GeV keeps the
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Higgs-mediated production 
arXiv:1612.06840 

sensitivity S/√(S+B)=5 contours 



Another ΔL=4 model 

•  Model introduces new 
scalar triplets Δ and T 

•  Δ eventually decays to 
same-sign leptons 
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For the numerical calculations shown below, we have
implemented the model into SARAH [32,33]. The imple-
mentation is then used to generate SPheno code [34,35] for
the numerical generation of spectra. The UFO model files
generated by SARAH are used for cross section and decay
calculations with MadGraph [36].
Both Δ and T can be produced with sizeable rates at

colliders. Figure 4 shows cross sections for the most
important production modes in pp colliders for two values
of

ffiffiffi
s

p
: To the left

ffiffiffi
s

p
¼ 13 TeV, to the right

ffiffiffi
s

p
¼ 100 TeV.

The numerically largest cross section is found for Δ"" pair
production. However, as we discuss below, for the observa-
tion of ΔL ¼ 4 processes the interesting production modes
are pp → ðT0 þ TþÞ and pp → ðT0 þ T−Þ. Both processes
proceed through an off-shell W-diagram; see Fig. 5. The
cross section for pp → ðT0 þ TþÞ is larger than for
pp → ðT0 þ T−Þ, reflecting the fact that the initial state is
positively charged.
We first discuss the decays ofΔ. The different components

ofΔ decay according toΔ"" → l"α l"β ,Δ" → ναl"β andΔ0 →
νανβ with 100%branching ratio, when summed overα and β.
Since cross sections are largest and background lowest for
Δ"", the most stringent constraints on mΔ come from

searches for Δ"". Both ATLAS [37] and CMS [38] have
searched for doubly charged scalars decaying to charged
leptons. Limits depend quite strongly on the flavor of the
charged leptons. CMS [38] gives limits as low as mΔ"" ≃
535 GeV for a Δþþ decaying with 100% to pairs of taus,
while limits are in the range of (800–820) GeV, if the Δþþ

decays only to electrons ormuons. ATLAS [37], on the other
hand, has established lower limits on mΔ"" of roughly
(600–800) GeV, for branching ratios to either electrons or
muons in the range of (0.2–1). We therefore use two choices
of mΔ in our numerical examples below, namely, mΔ ¼
0.6 TeVandmΔ ¼ 1 TeV.The former is allowedonly for aΔ
with coupling mostly to τ’s, while the latter is currently
unconstrained. Note, however, that with the predicted L ¼
3=ab for the high luminosity LHC mΔ in excess of mΔ ¼
1 TeVwill be probed, while for a

ffiffiffi
s

p
¼ 100 TeV collider we

estimate from Fig. 4 that up to mΔ ∼ 5 TeV could be tested
withL ¼ 3=ab, in agreementwith the numbers quoted in [39].
For the observation of ΔL ¼ 4 processes, we need to

produce the hyperchargeless triplet T. We therefore now
turn to a discussion of the decays of T0 and T". First of all,
note that all decay rates for these particles are proportional
to the coupling λHHΔT . This is due to the fact that this term
is the only one linear in T allowed by Zð4ÞL. Mixing
between T0 and T" with Δ0 and Δ" induces two-body
decays for these states into leptonic final states. However,
these always involve neutrinos and thus are not useful to
establish experimentally lepton number violation. More
important are then decays of T0 and T" to Δ"" and gauge
bosons. Figure 5 shows the most important Feynman
diagrams. Apart from Tþ → W− þ Δþþ, Tþ can decay
to Wþ þ A0, Wþ þ Δ0,11 as well as Δþ þ h and Δþ þ Z0.
The branching ratio for Tþ → W− þ Δþþ is always close

FIG. 4. Cross sections for various production modes for particles in our ΔL ¼ 4model I. The plot to the left is calculated for the LHC,
i.e., pp collisions at

ffiffiffi
s

p
¼ 13 TeV. The plot on the right assumes a hypothetical future pp collider with

ffiffiffi
s

p
¼ 100 TeV. Note the

different scales in the two plots.

FIG. 5. Feynman diagrams for the production and decays of T0

and T". This list of diagrams is not complete, showing instead
only those diagrams relevant for the observation of a ΔL ¼ 4
process; see text.

11Recall that we use Δ0 in this discussion synonymous for the
CP-even scalar S01.
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to 25%, if the mixing between Tþ and Δþ is small.
Similarly, T0 can decay to a number of final states involving
gauge (and Higgs) bosons. Figure 6 shows the most
important branching ratios for T0 decays as a function
of mT . As the plot shows, for small values of mT the two-
body decays T0 → A0 þ Z0 (and T0 → Δ0 þ h) have the
largest branching ratios. However, for large values of mT ,
the decay mode T0 → Δ"" þ 2W∓ becomes dominant. T0

decays to both Δþþ and Δ−− with equal rates. That both
decays have the same rate can be understood as a mass
insertion in the decay of T0; see Fig. 5. Recall that m2

T
violates L by 4 units.
At a pp collider one can therefore have lepton number

violating (conserving) final states from the chain pp →
Tþ þ T0 → 2Δþþ þ 3W− → 4lþ þ 6j (pp → Tþ þ T0 →
Δþþ þ Δ−− þ 2Wþ þW− → 2lþ2l− þ 6j). With the cross
sections, see Fig. 4, and the decay branching ratios we can
then calculate the number of ΔL ¼ 4 events as a function
of mT (and mΔ). We have performed this exercise for the
LHC and find that, taking into account the lower limit onmΔ,
there is less than 1 event even after 3=ab of data has been
taken. However, the prospects look much brighter at a
hypothetical

ffiffiffi
s

p
¼ 100 TeV collider; see Fig. 7. In this

figure we show the maximal number of ΔL ¼ 4 events
attainable in model I for two choices ofmΔ and two different
values for the expected luminosity. For L ¼ 30=ab more
than 10 ΔL ¼ 4 events could be found up to roughly
mT ≃ 6 TeV.

Thus, for our first model we conclude that while the LHC
can extend the search for the different particles in model I
to above 1 TeV, observation of ΔL ¼ 4 seems not to be
possible at the LHC. At a

ffiffiffi
s

p
¼ 100 TeV collider ΔL ¼ 4

could be discovered in this model up to a scale of roughly
6 TeV.
The negative conclusions for the LHC can be simply

understood from the fact that model I contains no new
colored states.As shown inTable II, the smallest dimensional
operator generating four charged leptons is 15 dimensional,
e4u6. We therefore choose to implement it in our second
example, model II. Any model leading to this operator
necessarily involves beyond-the-SM colored fields.
Model II introduces three new states, two fermions O ¼

F8;1;0;−2 and Dc ¼ F3̄;1;1=3;1 (together with its vector
partner D̄c ¼ F3;1;−1=3;3) and one scalar, Sd ¼ S3;1;−1=3;1.
By enforcing once again Z4ðLÞ invariance, we obtain this
time a Lagrangian with an enlarged accidental symmetry
group GSM ×Uð1Þ2B−L. It might not be immediately
obvious that this latter group contains Z4ðLÞ, but this is
nevertheless true. Indeed, the Lorentz and standard model
group GSM force all operators with SM fields to be
Z2ðB − LÞ invariant; hence we may write L ¼ 2nþ B
for some integer n. Together with L ¼ 2B, it is then quite
easy to see that L and B are forced to be multiples of 4 and
2, respectively. Crucially, unlike in model I, due to the
Uð1Þ2B−L symmetry it is not possible to break lepton
number without breaking baryon number as well. As such,
one can have small/unobservable dinucleon decays rates,
but neutrinoless quadruple beta decay is strictly forbidden.
The Lagrangian contains the following terms,

L ∝ Y1ucecS
†
d þ Y2ucDcSd þ Y3QLSd þ Y4D̄cOSd

þ Y5DcOS†d þ H:c:þmOOOþmDD̄cDc: ð17Þ
We have calculated the pair production cross sections for the
new particles in our model II using again MadGraph [36].

FIG. 6. Branching ratios for the decay of T0 as a function of the
mass of T0. Here, the full lines are for the choice mΔ ¼ 0.6 TeV,
the dashed lines for mΔ ¼ 1 TeV. In addition to T0 → A0 þ Z0

there is a second two-body decay mode for T0, T0 → hþ Δ0.
This one is not shown explicitly, since BrðT0 → hþ Δ0Þ ≃
BrðT0 → A0 þ Z0Þ in all cases. Note that BrðT0 → Δþþþ
2W−Þ ¼ BrðT0 → Δ−− þ 2WþÞ. The coupling λHHΔT was
chosen λHHΔT ¼ 0.1 in this example, while the entries in YΔ
were arbitrarily put to be smaller thanOð0.1Þ. With these choices,
decays to purely leptonic final states are negligible and therefore
not shown.

FIG. 7. Maximal number of ΔL ¼ 4 events attainable in model
I at a future pp collider with

ffiffiffi
s

p
¼ 100 TeV. Here, the event

number sums over both, negatively and positively charged
leptons.
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ΔL=5 at colliders 

•  Model with ΔL=5, 
ΔB=3 
– Two new fermions 
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– mD<2.7 TeV in 

3 ab-1 at LHC 
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The results are shown in Fig. 8. Again, the plot to the left
is for the LHC; the one on the right is calculated forffiffiffi
s

p
¼ 100 TeV. In all cases one expects that gluon-gluon

fusion gives the largest contribution to the cross section; see
Fig. 9. The largest cross section is found for the fermionic
octet. More than ten events from O-pair production are
expected inL ¼ 3=ab for octet masses up tomO ≃ 3 TeV.Affiffiffi
s

p
¼ 100 TeV collider would be able to collect more than

ten events for octet masses up to mO ≃ 15.5 (18.5) TeV for
L ¼ 3=ab (30=ab).
In model II, since O is an electrically neutral state, it

decays with equal branching ratios to Dc
1=3 þ Sd;−1=3 and

Dc
−1=3 þ Sd;1=3. This implies that ΔL ¼ 4 final states 4lþ þ

6j have the same rate as the ΔL ¼ 0 final states
2lþ þ 2l− þ 6j. Thus, the production cross section (event
number) ofO-pair production gives directly the limit on the
scale up to which ΔL ¼ 4 can be tested in model II.
It is straightforward to use the ideas discussed above to

construct also models, which lead necessarily to larger ΔL.
We discuss only one example with ΔL ¼ 5. This model III
introduces five new states. We need two copies of Sd, to
whichwe assign different lepton numbers,SL¼1

d ¼ S3;1;−1=3;1
and SL¼0

d ¼ S3;1;−1=3;0. The vectorlike down quarks also now
come in two copies. We have Dc

L¼2 ¼ F3̄;1;1=3;2; its vector
partner is D̄c

L¼3 ¼ F3;1;−1=3;3, and also Dc
L¼1 ¼ F3̄;1;1=3;1

with its vector partner D̄c
L¼4 ¼ F3;1;−1=3;4. Finally, the model

also has the fermionic vector octet, O ¼ F8;1;0;2 and
Ō ¼ F8;1;0;3. With these lepton number charges, we then
enforce a Z5ðLÞ symmetry. Just as with model II, there is a
bigger, accidental symmetry group in thismodel,Uð1Þ5B−3L.
In other words, for each group of five leptons created, three
new baryons should appear as well, and for this reason the
proton is completely stable in this model III.
ΔL ¼ 5 processes at the LHC can then occur through

diagrams such as the example shown in Fig. 10, where D̄c
L¼3

is pair produced via gluon fusion. Note that the decay chains
of both D̄c

L¼3 and ðD̄c
L¼3Þ% end with the same number of

SM fermions: 7. One can assign the source of lepton number
violation in this diagram to the mass term D̄c

L¼3D
c
L¼2. If all

other particles in the diagram are lighter than Dc
L¼2 and all

couplings the same order, ΔL ¼ 5 and ΔL ¼ 0 final states
from these decay chains have similar rates.12 Nevertheless,
note that even if the D̄c

L¼3D
c
L¼2 mass term was switched

off, lepton number would still be broken; in fact, B

FIG. 8. Cross sections for various production modes for particles in our ΔL ¼ 4 model II. The plot to the left is calculated forffiffiffi
s

p
¼ 13 TeV, the one on the right for

ffiffiffi
s

p
¼ 100 TeV.

FIG. 9. Example diagram for production and decays of the
color octet in model II.

FIG. 10. Example diagram for a ΔL ¼ 5 process in model III.

12If all masses and all couplings are numerically the same, the
branching ratio for ΔL ¼ 5 and ΔL ¼ 0 final states becomes
equal.
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Summary 
•  Dirac neutrinos with Lepton Number 

Violation are an interesting if 
unpopularised phenomenon to study 
–  Can be related to leptogenesis & seesaw 

mass models just like their more famous 
Majorana counterparts 

–  Neutrinoless quadruple beta decay is 
signature of such models 

•  Recently the NEMO-3 made the first limit 
on neutrinoless quadruple beta decay 
–  T1/2 > 3×1021 years 
–  Can be used to set limits on radiative mass 

models 
–  This result has stimulated some activity 

into studying these models 
•  Rapidly evolving experimental & 

theoretical field 
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